INTRODUCTION {#sec1-1}
============

The successful application of laparoscopic surgery in adults has led to its increased use in the paediatric age, due to its minimally invasive nature.\[[@ref1][@ref2][@ref3][@ref4]\] The main advantages of laparoscopic surgery are a less post-operative pain, reduced wound complications, minimal scarring, a shorter hospital stay and an earlier return to normal activities including feeding and bowel movements, and return to school, when compared to traditional open surgery.\[[@ref1][@ref2][@ref3][@ref4]\] However, the procedure requires insufflation of the peritoneal cavity with an inert gas; the most commonly carbon dioxide (CO~2~). Although CO~2~ is generally accepted as the optimal gas for insufflation, increases in PaCO~2~ and resultant alterations in cerebral blood flow (CBF) may occur.\[[@ref3][@ref5][@ref6][@ref7]\] In addition, peritoneal insufflation and the associated increase in intra-abdominal pressure (IAP) result in increased systemic vascular resistance and decreased cardiac output.\[[@ref5][@ref6][@ref7][@ref8][@ref9][@ref10]\] These systemic haemodynamic alterations may result in changes in end-organ blood flow and oxygen delivery. To date, data regarding alterations in cerebral oxygenation during laparoscopic procedures in children are limited.\[[@ref11][@ref12][@ref13][@ref14][@ref15]\]

This preliminary study uses near-infrared spectroscopy (NIRS) to test whether changes in cerebral oxygenation during the laparoscopic routine intervention for abdominal procedures in paediatric patients are primarily due to the increase in IAP or to changes in CO~2~ or both, and whether this has a specific effect on the brain or also the systemic circulation. We anticipated that the prevalent effect of the reduction in venous return would negatively affect cerebral oxygenation and should be a function of the insufflation pressure, whereas the increase in CO~2~ would have a minor role, due to its vasodilating effect on cerebral circulation. In addition, by comparing the effect of insufflation on cerebral and peripheral (finger) tissue oxygenation, we can assess whether the consequences of CO~2~ insufflation are essentially cerebral or systemic. Finally, the impact of the anaesthesia-induced hypotension on brain perfusion was also considered.

PATIENTS AND METHODS {#sec1-2}
====================

Patients {#sec2-1}
--------

We investigated brain and peripheral oxygenation in ten children who underwent elective laparoscopic abdominal surgery to treat of inguinal hernia. Surgery was performed, by an expert surgeon, under general anaesthesia, at the Paediatric Surgery Unit. Patients were recruited between April 01, 2015, and July 31, 2015. Written consent was obtained from the parents of the children before the scheduled surgical procedure. The study was performed according to the Declaration of Helsinki and with the approval of the Institutional Review Board.

Surgery {#sec2-2}
-------

All surgery was performed in the same operating theatre with a stable temperature of 22 ± 1°C. Patients were placed in the supine position on a heated operating table (36 ± 1°C). Laparoscopic herniorrhaphy was accomplished, following the standard protocol, through the transabdominal approach using one 3 mm telescope and two, 3 mm or 2 mm operative instruments, placed into the lower abdomen. The pneumoperitoneum (PP) was created through the 3 mm infraumbilical camera-trocar placed via an open approach. The PP CO~2~ pressure which ranged from 8 to 12 mmHg (8 mmHg in children weighing \<15 kg; 10 mmHg: 15--40 kg; 12 mmHg: \>40 kg) was achieved with a CO~2~ insufflation flow rate of 1--5 L/min.

A 4-0/5-0 polypropylene monofilament suture was inserted directly through the abdominal wall.

A double N suture of the internal inguinal ring was performed with intracorporeal knots. Intraoperative diagnosis and surgical repair of contralateral hernias were performed in case of pre-operative undiagnosed contralateral hernia. All operations were performed on a day hospital basis. Patients were followed for 1 week.

Data acquisition {#sec2-3}
----------------

Intraoperative transcranial NIRS to assess regional cerebral oxygen saturation (rScO~2~), pulse oximetry to measure peripheral oxygen saturation (SpO~2~) using and heart rate (HR) were monitored continuously during the entire procedure.

Changes in rScO~2~ were obtained using a near-infrared spectrometer. Prior to anaesthesia induction, a transducer was placed on the frontal side of the child\'s head and attached with an elastic bandage to prevent displacement. The oximeter sensor was positioned on the middle finger of the left hand. HR was recorded during scanning also using pulse oximetry for heart timing and an index of pulse amplitude.

Indirect measurement of IAP during surgery was performed by the transvesical method; measurements were recorded with Medical Measurement Systems®.

The surgeon and anaesthetist were blinded to the readings to prevent intraoperative alterations in patient management.

The following parameters were analysed in five intervals (for 5 min):

Induction of anaesthesia (baseline T1);Before CO~2~ PP insufflation (T2);During CO~2~ PP insufflation (T3);Cessation of the CO~2~ PP (T4);Before extubation (T5).

The operative time was recorded, including the data acquisition and the anaesthesia duration (interval from beginning of induction to cessation of sevoflurane inhalation).

Anaesthesia protocol {#sec2-4}
--------------------

All of the children were in good physical condition and received standardised anaesthesia, which included propofol (2--2.5 mg/kg) as a sedative-hypnotic agent and fentanyl (1--1.5 mcg/kg) as the analgesic. After tracheal tube positioning, patients underwent volume-controlled mechanical ventilation with an inspired mixture of air and oxygen using a closed breathing system (fresh gas flow of 0.75 L/min oxygen and 1.5 L/min air during anaesthesia) adjusted to achieve an end-tidal CO~2~ level of 32--35 mmHg. Anaesthesia was maintained via administration of sevoflurane gas (0.75--1.25 minimum alveolar concentration range). Hypotension was not prevented with fluid expansion or inotropes. Twenty minutes before the end of the intervention, all patients received paracetamol 15 mg/kg, as an analgesic.

Statistical analysis {#sec2-5}
--------------------

Quantitative variables were described as the mean (standard deviation) and compared between the different time intervals with population averaged mixed multilevel models to take into account the clustered nature of the data.

*P* \< 0.05 was considered statistically significant. All statistical analyses were performed using SPSS statistical package (SPSS Inc., Chicago, IL, USA) and Stata 8.0.

RESULTS {#sec1-3}
=======

The study included 10 children (8 males and 2 females) ranging in age from 1.6 to 15.8 years (8.36 ± 5.79 years) and in weight from 10 to 65 kg (34.0 ± 22.39 kg). The mean operating time was 60.0 ± 27.8 min. The mean CO~2~ PP pressure was 10.6 ± 1.56 mmHg, and CO~2~ flow rate was 3.40 ± 1.95 L/min. The IAPs at the different surgical intervals are reported in [Table 1](#T1){ref-type="table"}. No intraoperative complications occurred.

###### 

Intra-abdominal pressure, at different surgical intervals

![](JMAS-13-51-g001)

Regional cerebral oxygen saturation {#sec2-6}
-----------------------------------

After anaesthesia induction and before CO~2~ PP insufflation an initial decrease in SaO~2~ was observed (*P* = 0.15). A significant rScO~2~ decrease was reached at T3 compared to baseline values (*P* = 0.006; decrease at T3--3.6 ± 0.38%), [Figure 1](#F1){ref-type="fig"}. Oxygen saturation restoration was achieved at T5 after CO~2~ PP cessation (*P* = 0.006).

![Cerebral and peripheral oxygen saturation at different surgical intervals](JMAS-13-51-g002){#F1}

The changes in rScO~2~ strongly correlated with the IAP (*P* = 0.007), [Figure 2](#F2){ref-type="fig"}. Correlation between rScO~2~ and CO~2~ PP pressure was also noted, however without reaching a significant value (*P* = 0.06). rScO~2~ changes did not correlate with CO~2~ flow rate.

![Correlation between regional cerebral oxygen saturation and intra-abdominal pressure at different surgical intervals (*P* = 0.007). Data are expressed as mean ± standard error](JMAS-13-51-g003){#F2}

Peripheral oxygen saturation {#sec2-7}
----------------------------

The SpO~2~ values were not statistically different during the laparoscopic surgical intervals (*P* = 0.3), [Figure 1](#F1){ref-type="fig"}. No significant associations between SpO~2~ and CO~2~ PP pressure (*P* = 0.15) or CO~2~ flow rate (*P* = 0.06) or IAP (*P* = 0.9) were reported.

Heart rate {#sec2-8}
----------

Increased in HR were noted in T3, at the CO~2~ PP insufflation \[[Figure 3](#F3){ref-type="fig"}\], but were not statistically significant (*P* = 0.5). The HR changes correlated with the PP pressure (*P* \< 0.001) and CO~2~ flow rate (*P* = 0.001).

![Heart rate changes at different surgical intervals](JMAS-13-51-g004){#F3}

DISCUSSION {#sec1-4}
==========

In this preliminary study, we showed a significant change in cerebral oxygenation during traditional abdominal laparoscopic inguinal hernia repair in paediatric patients. IAP seems to primarily induce changes in rScO~2~, with no significant peripheral impact. A significant decrease in cerebral oxygen saturation was reached after insufflation and the restoration of oxygen saturation were achieved after cessation of PP. The impact of anaesthesia on brain oxygenation changes was also evidenced.

Laparoscopy has is becoming a standard operative procedure in paediatrics while it requires further technical advances and anaesthesiologic innovations in very small children and infants. As in adults, the most important advantages it offers, include less tissue trauma, decreased post-operative pain, as well as a shorter hospital stay with minimised postoperative morbidity and mortality.\[[@ref1][@ref2][@ref3][@ref4]\] CO~2~ is the most commonly used gas to induce PP, because of its high diffusibility and rapid rate of absorption and excretion. However, peritoneal gas insufflation during laparoscopy may lead to possibly harmful cardiovascular and respiratory alterations that could possibly be detrimental for the patient.\[[@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref13][@ref14][@ref16]\] PP exerts its effects on organ systems primarily via physical pressure on those systems and secondly through the systemic absorption of CO~2~ across the peritoneum and into the bloodstream.

The cerebrovascular system is known to undergo adaptive changes during laparoscopic surgery.\[[@ref3]\] The effects of CO~2~ PP on cerebral haemodynamics have been investigated in adults\[[@ref17][@ref18][@ref19]\] and animals,\[[@ref20][@ref21][@ref22]\] but not exhaustively in children. The studies focusing on the relationship between laparoscopic surgery and regional effects on cerebral oxygenation in children are limited in number with non-homogenous data. Tsypin *et al*.\[[@ref11]\] reported a 3% average of reduction in regional cerebral tissue saturation in children during gynaecological laparoscopic interventions; Tuna *et al*.,\[[@ref15]\] showed that CO~2~ insufflation during PP in paediatric patients may not influence cerebral oxygenation under laparoscopic surgery; Tytgat *et al*.,\[[@ref12]\] described that regional brain oxygenation remained unaltered during surgical treatment of hypertrophic pyloric stenosis in young infants; Bishay *et al*.\[[@ref14]\] showed a significative decrease in cerebral oxygenation in infants who underwent thorascopic surgery for the treatment of esophageal atresia and congenital diaphragmatic hernia.

In this report, in paediatric patients, an average of 3.5% reduction in cerebral oxygenation during laparoscopic routine interventions for abdominal procedures was observed at T3. The changes in rScO~2~ were strongly correlated to the IAP. These data confirm that IAP is a critical determinant of cardiovascular stability during laparoscopy. IAP supports splanchnic vasoconstriction and reduction in blood flow through the inferior cava vein, renal and portal vein, which all result in decreased venous flow to the heart. In the paediatric age, an IAP of more than 15 mmHg leads to a decrease in cardiac output, even if the mean arterial pressure is maintained by increasing systemic vascular resistance. IAPs between 8 and 10 mmHg are usually recommended to keep physiological changes to a minimum in children. In our patients, the mean recorded insufflation was 10.6 mmHg (±1.5). During insufflation, haemodynamic redistribution caused HR variations to occur. The prevalent effect of IAP on brain oxygenation, the correlation between HR changes and CO~2~ flow rate indicate that a neurohumoral CO~2~ effect is also involved. CO~2~ stimulates the sympathoadrenal system causing a significant release of catecholamines and cortisol and thus increased HR. The absorption of CO~2~ during positive pressure PP may lead to an increased CO~2~ load, and CO~2~ elimination is related to ages with younger children eliminating more CO~2~ than older children; there may also be a different CO~2~ reabsorption between infants and children because of the different characteristics in their peritoneal surface.\[[@ref23]\] These findings suggest that infants and small children (weighing \<10--15 kg) warrant close monitoring during laparoscopy and the immediate post-operative period.

The impact of CO~2~ insufflation was essentially cerebral and did not affect peripheral oxygenation in our patients. The increased IAP caused by the CO~2~ PP did not decrease peripheral oxygenation at an acceptable IAP with regard peripheral perfusion.

The sensitivity of the cerebrovascular system may vary with age,\[[@ref24]\] moreover in all ages diminished perioperative cerebral oxygen saturation is correlated with poor neurodevelopment outcomes.\[[@ref25]\] NIRS is a non-invasive device that uses infrared light (a technique similar to pulse oximetry) to penetrate living tissue and estimate brain tissue oxygenation by measuring the absorption of infrared light by tissue chromophores.\[[@ref26]\] This technology can identify deficits in cerebral oxygenation, thus guiding for interventions or therapy to reverse cerebral oxygenation issues thereby and prevent long-term neurological sequelae. NIRS is used extensively during cardiac and non-cardiac surgery to monitor cerebral and somatic perfusion. Cerebral oximetry with NIRS may also be a helpful monitoring tool for detecting real-time rScO~2~ changes during paediatric laparoscopic procedures, in which PP is created with CO~2~ and to prevent any potential decrease in brain oxygenation.\[[@ref3]\] Regional SO~2~ decreases from baseline or a regional SO~2~ \<50% are associated with a high incidence of cerebral ischemia, post-operative cognitive dysfunction, and longer hospital stays.\[[@ref3][@ref15][@ref27]\] We found an SO~2~ \< 5% reduction in brain tissue saturation in children during routine laparoscopy; thus long-term neurological outcome should be evaluated in children and particularly in infants whose cerebral metabolic reserve seems to be lower and poorly tolerated by the brain.\[[@ref28][@ref29]\]

Cerebral autoregulation and CO~2~ reactivity, two homeostatic mechanisms important for the control of CBF, are impaired by inhalation anaesthesia. The effects on CBF depend on the balance between its indirect vasoconstrictive action, which is secondary to flow-metabolism coupling, and its direct vasodilatory properties. CO~2~ reactivity, CBF velocity, and cerebral autoregulation seem to remain intact during sevoflurane or propofol administration. However, Rhondali *et al*.\[[@ref29]\] showed how the use of sevoflurane anaesthesia in children younger than 2 years had a great impact on brain oxygenation, inducing a reduction in the mean arterial pressure associated with rSO~2~ variations; 15 min after induction increased SO~2~ was observed, but this decrease was lower in children aged \<6 months.\[[@ref29]\] The timing of paediatric autoregulation is not yet defined.

In our study, a standardised anaesthetic protocol including propofol and sevoflurane was used, and data recorded at T2 suggest that the influence of the anaesthesia on cerebral circulation should be taken into account during laparoscopy. The non-significant increase in HR values after induction, and before insufflation (T1--T2, average 10 min), supports the vasodilatory property of sevoflurane on haemodynamic mechanisms in children when no preventive treatment for anaesthesia-induced hypotension is adopted. Similar side effects have already been described during general anaesthesia for non-laparoscopic procedures in paediatric surgery. Treatment with fluid expansion or inotropes to prevent hypotension, during the anaesthesia protocol, may be considered a determining factor to properly define the consequences of CO~2~ insufflation. The different approaches to anaesthesiological management could also explain the non-homogenous results regarding alterations in cerebral oxygenation during laparoscopic procedures in children.\[[@ref11][@ref12][@ref13][@ref14]\]

This preliminary report should be viewed in light of some limitations of the study. The sample size was limited and a larger number of children are mandatory to confirm the results, to analyse cerebral oxygenation at different ages; different types of surgery (open vs. laparoscopy), different insufflation pressures and anaesthetic agents. The timing of the cerebral autoregulation also needs to be defined. Secondly, we did not monitor PaCO~2~ changes during CO~2~ insufflation. It has been reported that end-tidal CO~2~ pressure may not correlate with PaCO~2~, therefore, arterial blood gas analysis monitoring would be useful during laparoscopic procedures.\[[@ref15]\] In our study, the routine laparoscopic inguinal hernia repair procedure did not allow for invasive PaCO~2~ monitoring. Finally, no data on brain oxygenation effects were followed post-operatively.

Despite these limitations, this study points to new study directions to ameliorate our knowledge of pathophysiological age-related changes during mini-invasive surgery.\[[@ref30]\] Paediatric laparoscopy could benefit from a new dedicated anaesthesiological approach.\[[@ref30]\]

CONCLUSIONS {#sec1-5}
===========

Cerebral oxymetry with NIRS may be useful to anticipate any potential decrease in brain oxygenation and protect the neurodevelopmental outcome in paediatric invasive and non-invasive surgical procedures. The increase in IAP is a critical determinant in cerebral oxygenation stability during laparoscopic surgery in paediatrics, even though the impact of anaesthetic agents on adaptive changes should be taken into consideration when the anaesthesia protocol, does not call for fluid expansion and inotropes.

Our data suggest that a dedicated paediatric anaesthesiological team, close monitoring and close collaboration between paediatric surgeons, paediatricians, anaesthesiologists are essential to guarantee the child\'s safety during all type of surgery and particularly during the laparoscopic approach in infants and small children, whose cerebral metabolic reserve is low. Better outcomes in mini-invasive surgery could be obtained in the near future even for the treatment of multi-step paediatric congenital pathologies in small infants.
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